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Comparison of Knowledge Structures with the
Pathfinder Scaling Algorithm

This report has three sections. The first section provides a very short distillation of a

framework for organizing techniques to represent expert knowledge. The framework was

created and published by J. R. Olson and K. J. Biolsi (1991) and is used here for convenience

and clarity. Section two describes and interprets the results of a study on the cognitive

structure of 13 concepts in pulmonary physiology. This research involved freshmen medical

students and faculty members at the Northwestern University Medical School. The study used

the Pathfinder scaling algorithm to create conceptual maps for students and faculty, graphs

which were used to compare student and faculty knowledge structures. The third section sets

forth several "next steps" for this research and development program including conceptual and

methodological refinements formed by experience and applications to instructional problems.

Techniques for Representing Expert Knowledge

Olson and Biolsi (1991) provide a framework to classify research studies which address

the representation of expert knowledge. In brief, these scholars first distinguished direct vs.

indirect techniques of knowledge representation. Next, they describe progressive steps in

knowledge representation research. The steps are (a) eliciting behavior from respondents, (b)

summarizing behavioral responses as data, (c) performing data analyses, and (d) displaying

regularities in the output from the data analyses.

Direct vs. indirect techniques. Olson and Biolsi (1991) describe direct knowledge

representation methods as those which rely chiefly, but not exclusively, on verbal reports

which are transcribed and studied using propositional or discourse analyses. Such methods

include interviews, thinking aloud protocols, and behavioral observations. Olson and Biolsi

also allow for various forms of drawing and card sorting as direct methods of knowledge

representation. Research by scholars on this symposium panel is prominent for its use of

direct methods. Examples include studies done by Georges Bordage and his research group

(Bordage, 1994; Bordage and Lemieux, (1991); Katherine Edmonson's (1994) work involving

concept maps; and research by Patel and colleagues (1993) which has frequently employed

thinking aloud protocols.
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Indirect methods contrast with direct techniques because respondents usually perform a

rating or judgment task which yields raw data. These data are subsequently analyzed using

one or more methods such as multidimensional scaling (MDS), various forms of clustering or

tree fitting, or a general weighted network to yield a representational structure of concepts

under study. Work my colleagues and I have recently reported (McGaghie, Boerger,

McCrimmon, and Ravitch, 1994, 1996) has employed an indirect method, Pathfinder, to graph

the structure of one set of concepts embedded in a basic medical science.

Steps in knowledge representation research. The Olson and Biolsi framework identifies

four steps involved in any knowledge representation study, independent of the specific

research method employed. The steps are:

1. Elicit behavior from respondents. Examples of direct methods to elicit behavior

include interviews and thinking aloud protocols. An indirect method to elicit behavior for

knowledge representation research is to have respondents judge the pairwise similarities of a

set of concepts. These pairwise judgments are typically cast on a seven or nine-point scale,

i.e., 1= completely unrelated, 7= highly related.

2. Summarize behavioral responses in a manner that permits qualitative or quantitative

data analysis. In my own research this has involved summarizing judgment data as lower left

proximity half-matricies (deBliek, McGaghie, and Donohue, 1984; McGaghie, Boerger,

McCrimmon, and Ravitch, 1994, 1996).

3. Data analysis using one or more of a variety of quantitative or qualitative methods.

My own work has employed several approaches to data analysis including multidimensional

scaling (deBliek, McGaghie, and Donohue, 1984) and Pathfinder scaling (McGaghie, Boerger,

McCrimmon, and Ravitch, 1994, 1996).

4. Display regularities in the output from the data analyses. Illustrations include

qualitative concepts maps reported by Katherine Edmonson (1994), search path mapping as

performed by Ronald Stevens and colleagues (Stevens, 1991; Stevens, Lopo, and Wang,

1996), descriptions of elaborated thinking presented by Georges Bordage (1994), and Patel's

(1993) descriptions of the results of propositional analyses of thinking aloud protocols.

The next section of this paper gives a description of a knowledge representation study

conducted at the Northwestern University Medical School in the context of a first year

physiology course.
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Structure of Pulmonary Physiology Concepts

A recent study at Northwestern University Medical School explored the structure of 13

concepts in pulmonary physiology among 112 first-year medical students and among faculty

members, individually and in groups (McGaghie, Boerger, McCrimmon, and Ravitch, 1994,

1996). The goals of this research were to (a) assess the degree of agreement among faculty

members about the cognitive structure of the concepts, (b) map students' concept structures

before and after a period of focused instruction, and (c) compare the similarity of students'

concept structures (especially postinstruction) with those of faculty experts. We hypothesized

that as a consequence of instruction, students' concept networks would approximate the

structure of concept networks produced by faculty experts, a finding that has been

demonstrated elsewhere (Goldsmith, Johnson, and Acton, 1991).

Pathfinder description. The approach we used to map and compare student and faculty

concept structures is the Pathfinder scaling algorithm (Johnson, Goldsmith, and Teague,

1995; Schvaneveldt, Durso, and Dearholt, 1989). Pathfinder uses pairwise judgments of

similarity between a set of concepts to produce a network or graph that shows the latent

structure of a conceptual domain for individuals or groups. Pathfinder networks represent

concepts as nodes and distances between concepts as network links. The algorithm takes

proximity values as input and yields a network with shortest-path link distances as output.

Pathfinder networks of concept structures differ from those derived by MDS because

Pathfinder focuses on the local relationships among concepts, whereas MDS seems to capture

more global information about the concept space (Gonzalvo, Canas, and Bajo, 1994).

The configural similarity of two Pathfinder networks having a common set of nodes

can be measured by the index PFC', which indicates how many links between concept pairs

they have in common (Goldsmith and Davenport, 1990). For example, consider two

networks, each with four nodes (A, B, C, and D). Network 1 has three links (A-B, A-C, and

A-D), and Network 2 has three links (A-B, A-D, and B-C). the PFC' for these two networks

would be .50, the ratio of the number of links the networks have in common (two: A-B and A-

D) to the four links in the network. Another index, coherence, indicates the "internal

consistency" of a network by comparing direct and indirect measures of the similarity of each

concept pair. For each pair of items, an indirect index of relatedness is computed by



correlating the proximities between the items and all other items. Coherence is then computed

by correlating the original proximity data with the indirect measures. The same value can be

computed for a network derived from aggregate data, indicating the internal consistency of

these networks. Finally, the raw proximity data from a number of subjects can be averaged to

yield an aggregate data set and network representation.

Data collection. Faculty members of a first-year medical physiology course identified

13 pulmonary concepts medical students are expected to master. The concepts are alveolar

ventilation, compliance, dead space, diffusion, gas exchange, hydrostatic pressure, intrapleural

pressure, lung perfusion, partial pressure gradient, resistance to flow, shunt flow, solubility,

and surface area. A questionnaire was constructed that presented all possible n(n-1)/2 = 78

pairs of the concepts randomized for presentation order (left to right) and sequence

(1-78). Respondents were instructed to judge the similarity or relatedness of the two concepts

in each pair or a scale of 1 (completely unrelated) to 7 (highly related). Concept pairs judged

to be highly related received a 6 or 7. Concepts judged unrelated received a 1 or 2. Data

collection for the student and faculty respondents took approximately 30 minutes.

Data were obtained from the 112 medical students immediately before and after an

educational unit on pulmonary physiology that lasted three weeks. The students also took a 54

item multiple-choice examination that was administered in class at the end of the unit. Data

were also collected from three groups of medical faculty experts: (a) 11 internists, (b) 17

anesthesiologists, and (c) 3 physiologists. the physiology course professor also completed the

questionnaire.

Data analysis. Data analysis was done in five steps. First, separate Pathfinder

analyses were performed to create individual concept networks for each respondent. This

yielded 31 faculty networks and 224 student networks (112 pre and post instruction). Second,

proximity data for each group of experts were averaged and a network structure was derived

for each group using the aggregate data. An index of coherence was computed for each

aggregate network. Within and between group similarities were also assessed. Third,

similarity measures were computed comparing each student network with the aggregate expert

networks and the course professor's network. Fourth, similarity data were averaged to yield

similarity scores which indicate how similar student networks were to experts' networks, pre
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and post instruction. Fifth, student-expert similarity scores were correlated with multiple-

choice examination scores as an index of learning accomplished in the educational unit.

Results. Graphs produced by the individual Pathfmder analyses were striking for their

idiosyncratic qualities. Inspection of the 31 faculty networks revealed marked discrepancies in

the experts' concept organizations within and between the three groups. For the three groups

of experts the average configural similarity of their Pathfinder networks was modest, yet

positive: internists = .29 (s.d. = .07), physiologists = .34 (s.d. = .07), and anesthesiologists =

.33 (s.d. =12). Much less similarity was observed across the expert groups: internists

physiologists = .28 (s.d. = .08), physiologists - anesthesiologists = .25 (s.d. = .08), and

internists - anesthesiologists = .22 (s.d. = .07). A comparison of within and between-group

similarity results showed this difference to be significant (t = 8.74, p< .001).

Results of Pathfinder analyses performed on two of the three sets of group data yielded

interpretable (coherent) results (McGaghie, Boerger, McCrimmon, and Ravitch, 1994). For

the internists, the graph indicated the centrality of alveolar ventilation and lung perfusion

among the concepts and to a slightly lesser extent to diffusion and gas exchange. There is

strong coherence for the internists' aggregate data (.61). The Pathfinder conceptual network

for the three physiologists gives a different picture. Here, gas exchange was perceived as the

central concept with lung perfusion and several others providing lower degrees of conceptual

focus. The coherence index for the physiologists' aggregate data is acceptable (.48), yet lower

than that obtained for the general internists. However, an aggregate Pathfinder network could

not be presented for the anesthesiologists' judgments because the index of coherence for their

data was near zero (.07). Such low coherence rules out a meaningful interpretation of this

network structure.

Results from the Pathfinder analysis of the concept judgment made by the individual

course professor are shown in Figure 1. The network shows that in this person's judgment the

central concept is gas exchange (seven node links), and to a lesser extent, diffusion (four node

links), and lung perfusion (three node links). For this professor, the concepts shunt flow and

intrapleural pressure are distal items within the context of the 13 concept set.

Figure 1 here
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As shown in Table 1, evaluation of the similarity of student and expert networks

reveals an increase in similarity between students' networks and all experts' networks after

completion of the three-week unit, with the smallest increase for the students' similarity with

internists and the greatest change for the students' similarity with the group of three

physiologists. These similarity scores were then used to predict multiple-choice examination

performance. These results are also shown in Table 1. The reliability (KR-20) of the

multiple-choice examination was .54, setting an upper limit for these correlations. The

student-expert similarity scores using postinstruction student networks showed statistically

significant (but very modest) correlations with final examination scores for the groups of

internists, physiologists, and the individual course professor.

Table 1 here

These results demonstrate that as a consequence of instruction, the conceptual networks

of students become more similar to those of experts in the field as well as to those of their

instructor. The similarity index can also be used to predict performance on a traditional,

multiple-choice assessment. Thus, they appear to reflect changes in the way students come to

think about and organize a body of knowledge.
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Discussion. The reported data show that the ways in which medical experts

conceptually organize concepts in pulmonary physiology are not necessarily consistent.

Similarity ratings for all three expert groups were modest, and comparisons between groups

were significantly weaker than those within groups. In addition, of the three expert groups

studied, only the general internists produced a concept network having strong coherence

(internal consistency). The network structure derived from the physiologists was interpretable,

with modest yet acceptable coherence. By contrast, the network produced by the

anesthesiologists' aggregate data lacked enough coherence to be interpretable.

The use of experts' network structures of concepts as a "gold standard" for comparison

of student networks may pose a problem. The problem exists both for using an individual

expert's concept network as a "gold standard" for student performance .(Goldsmith, Johnson,

and Acton, 1991) and for aggregate network structures (Acton, Johnson, and Goldsmith,

1994). Judgments about the validity of a concept network, either for descriptive research or

for student evaluation, depend on the individual or group whose perceptions underlie the

network. While the Northwestern data and data reported by other investigators (Goldsmith,

Johnson, and Acton, 1991; Gonzalvo, Caiias, and Bajo, 1994) support the hypothesis that

students' Pathfinder networks will begin to approximate the structure of concept networks

produced by faculty as a consequence of instruction, the choice of which faculty network is

best remains uncertain (Johnson, Goldsmith, and Teague, 1995).

These and other data also support the idea that knowledge is constructed by individuals

and does not exist as an independent, objective entity (Schwandt, 1994). This view accounts

for the absence of perfect coherence indexes for the aggregate faculty networks used as "gold

standards" of comparison for student performance. The Northwestern data also support

observations about professional workers made by Schon (1993) concerning "knowledge in

action" and by Wagner (1991) concerning "tacit knowledge." These scholars argue that

experienced professionals recognize, comprehend, frame, and address professional problems in

unique yet efficient ways, especially when problems are complex and uncertain. Thus it is not

surprising that even presumably homogeneous groups of faculty experts derived concept

structures having much variation.

Finally, another key validity issue concerns the use of students' multiple-choice

examination scores as an external criterion against which to correlate student-expert similarity
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indexes. This can result in circular reasoning, as described by Johnson, Goldsmith, and

Teague (1995):

"The external criteria used in this work, either classroom exam

performance or performance on ...ACT subtest, poses a potential

problem. On the one hand, we claim to be designing an instrument

that is a better assessment of structural knowledge than conventional

classroom exams. However, the classroom exam, the very measure

we are criticizing, is used as the external criterion to argue for the

validity of our methods" (pp. 243-244).

Clearly, there is no shortage of intellectual and technical issues to address as research

involving Pathfinder scaling and other approaches to knowledge representation moves ahead.

Next Steps

At Northwestern, our research group plans to follow the suggestions of Johnson,

Goldsmith, and Teague (1995) regarding "Structurally Driven Training." Such work will

progress in several stages.

Identify a set of educational concepts students are expected to acquire or master.

Acquire pairwise similarity judgments of the concepts from faculty experts,

individually and in groups.

Acquire pairwise similarity judgments of the concepts from students before

instruction.

Perform Pathfinder scaling of the faculty and student data.

Publicly present and use faculty concept networks as "advance organizers" for

students early in the instructional period. In open discussion different (medical)

faculty (e.g., physiologists, general internists, subspecialty pulmonologists,

anesthesiologist) would attempt to explain why they intellectually organize

concepts differently. They would also attempt to account for the origins of the

expected differences.

Students would actively compare their individual networks with those of faculty

experts.



Student concept networks would also be divided after the instructional period to

assess the extent to which they begin to approximate the thinking of faculty. Of

course, which faculty members the students tend to approximate will also be of

great interest.

This and other evolving projects will occupy the thought and energy of Northwestern

investigators interested in using the Pathfinder method of knowledge representation to study

individual differences in cognition. We recognize, of course, the variety and richness of

alternative approaches to research on the cognitive structure of concepts.
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